An aqueous solution of PAA (0.0025 wt%) was prepared. A surface plasmon resonance (SPR) sensor was applied to analyses of some amine compounds (n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline) by using a polymer film and an acid-base reaction in it. Poly(acrylamide) (PAA) was adopted as the polymer film and was immobilized on an Au film to prepare a sensor chip. Pivalic acid was entered into the PAA film as an acid. The PAA film with a thickness of 50 nm gave the highest sensitivity to the SPR sensor. Although water was better concerning the sensitivity for the SPR sensor as the solvent, ethanol was adopted because it dissolves well all of the amine compounds used. The Au film coated with the PAA film gave higher sensitivity for analyses of n-butylamine and isobutylamine, and lower sensitivity for analyses of aniline and N,N-dimethylaniline than an Au film without the PAA film. The PAA film containing pivalic acid gave 4 -5 orders of magnitude higher sensitivity to the SPR sensor for analyses of all the amine compounds due to the reaction between pivalic acid and these amine compounds.
Introduction
A surface plasmon resonance (SPR) sensor is a new analytical tool based on an SPR phenomenon, that involves the excitation of surface plasmons at the interface between a metal film and a medium adjacent to it. 1 An SPR sensor responds to a change in the refractive index of the medium just around the surface of a metal film on a prism, and requires only 1 µl of the medium for a measurement. 2, 3 The SPR sensor mainly consists of a lightemitting diode, a metal film on a prism, and a detector. Its simple construction makes it possible to reduce its apparatus in size and to use the analytical system in the field. 4 Thus, a trace amount of a sample can be easily and rapidly analyzed by using the SPR sensor even in the field. A biosensor using a plasmapolymerized film on a metal film as a sensor chip was also studied. 5 We have applied the SPR sensor to analyses of various chemical species, such as cholesterol, 6 the local anesthetics of tetracaine, 7 the optical isomer of cinchonidine, 8 and metal ions. 9 Cholesterol was analyzed using an enzymatic reaction. Tetracaine and cinchonidine were analyzed using a molecular imprinted film immobilized on a sensor chip. Zinc ions were analyzed using a reaction between the ion and the ionophore of tetra-n-butyl thiuram disulfide (TBTDS). These studies are new approaches for applying the SPR sensor to various fields of analytical chemistry.
The SPR sensor is expected to be applied to the detector of liquid chromatography, because amine compounds can be analyzed with it due to a change in the refractive index. In this study, we used a polymer film and an acid-base reaction for applying the SPR sensor to analyses of amine compounds. Poly(acrylamide) (PAA) was adopted as the polymer film and n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline were analyzed. The PAA film has amido groups in it, which are expected to have some interaction with the amine compounds. The effect of the film thickness on the sensitivity was studied. The effect of the solvents (water and ethanol) for the amine compounds was also examined. Pivalic acid ((CH3)3CCOOH) was used as the acid in the reaction and was dissolved into the PAA film. The SPR sensor equipped with the PAA film containing pivalic acid was investigated concerning the characteristics, such as the sensitivity and the repetition, by comparing it with that equipped with only the PAA film.
Experimental
Chemicals n-Butylamine, isobutylamine, aniline, N,N-dimethylaniline, pivalic acid, water, and ethanol were purchased from Wako Co. (Osaka, Japan) and were used without further purification. Poly(acrylamide) was purchased from Kanto Chemicals Co., Inc. (Tokyo, Japan).
The metal film as a sensor chip was spin-coated 10 with drops of the PAA solution. The prepared PAA film was dried in a vacuum desiccator for 36 h. A PAA film containing pivalic acid was prepared from a mixture of an equal volume of the PAA solution and a 0.1 mol/l aqueous solution of pivalic acid.
SPR sensor system
SPR imaging experiments were performed with a commercial instrument (DKK Co., Ltd., Tokyo, Japan) that contained a light-emitting diode (λ = 660 nm) as the source of light and a CCD camera as the detector. A gold-evaporated glass plate (18 × 18 × t0.15 mm) was purchased from Eliotec Corporation. A glass plate coated with an Au or Ag film (thickness 50 nm) was also prepared by vacuum evaporation. To prevent Au and Ag exfoliation from the glass surface, Cr (thickness of 3 nm) was evaporated prior to evaporation of the Au or Ag film. The refractive index was measured using a refractometer (ATAGO Co., Ltd., Tokyo, Japan).
Results and Discussion

Comparison of the Au and Ag films concerning sensitivity
The SPR sensor responds to a change in the refractive index of a medium which exists close to the surface of the metal film of the sensor chip. When the refractive index of the medium changes, the incidence angle of the light at which the SPR phenomenon occurs (resonance angle) changes. An SPR sensor equipped with the sensor chip made of an Ag or Au film was studied concerning sensitivity. The Ag film gives theoretically higher sensitivity in the SPR sensor than the Au film because the dielectric constant of Ag is larger than that of Au. 11 The resonance angles were measured for n-butylamine ethanol solutions with different concentrations. The shifts of the resonance angle for each n-butylamine ethanol solution from that for ethanol (angle shift ∆θ) were observed in the concentration range of 0. The slope of the regression equation obtained using the Ag film was slightly larger than that obtained using the Au film. Since a larger angle shift means higher sensitivity, the SPR sensor equipped with the Ag film is better in sensitivity than that with the Au film. Although the Ag film has better sensitivity for the analysis of an n-butylamine ethanol solution, the Ag film is unsuitable for long measurements and with a large error because Ag is easily oxidized. Therefore, the Au film was used for analyses of the amine compounds in this study.
Comparison of the solvent concerning sensitivity
Similar measurements were carried out using aqueous solutions of n-butylamine, and the results were compared with those obtained using the ethanol solutions mentioned above. The angle shift obtained for the aqueous solution became larger than that for the ethanol solution. A plot of ∆θ against [nbutylamine] obtained using the Au film was linear in the range 0.2 -0.8 v/v% with the regression equation ∆θ = 0.168 × [n-butylamine] + 0.004 with r = 0.992. The slope of the regression equation for the aqueous solution was larger than that for the ethanol solution. This is because the difference in the refractive index between water and n-butylamine is larger than that between ethanol and n-butylamine, considering refractive indices of 1.333, 1.362, and 1.401 for water, ethanol, and n-butylamine, respectively. Consequently, water gave higher sensitivity to the SPR sensor than ethanol as the solvent for the analyses of amine compounds. The use of methanol as the solvent would be expected to further improve the sensitivity because its refractive index is lower than that of water. However, methanol was not used as the solvent because it easily vaporizes, and the angle shift of methanol was unstable. Although water is better as a solvent concerning sensitivity than ethanol, some amines with a large molecular weight can not be dissolved in it. Therefore, ethanol was used as the solvent in our research after this.
Effect of the thickness of the PAA film regarding the sensitivity
For applying the SPR sensor combined with the PAA film containing pivalic acid to the detection of the amine compounds, the thickness of the PAA film should first be determined. The resonance angles were measured for n-butylamine ethanol solutions with different concentrations in the case of PAA films with thicknesses of 25, 50, and 100 nm. Fig. 1 . The angle shifts observed using the 50 nm-thick PAA film were larger than those observed using the 25 and 100 nm-thick PAA films. Because a film thickness of 50 nm was best concerning sensitivity, a 50 nm thickness was adopted.
Analyses of amine compounds using PAA film
Ethanol solutions of n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline were analyzed using the SPR sensor equipped with the PAA film with a 50 nm thickness coated on an Au film, and the results were compared with those obtained using the SPR sensor equipped with only an Au film. The angle shifts for ethanol solutions of these amine compounds were observed in the concentration range of 0.1 -2.0 v/v%. The results are shown in Fig. 2 . The regression equations and correlation coefficients for each amine compound were evaluated, and are shown in Table 1 . The slope of the regression equation obtained using the PAA film coated on the Au film became smaller in the order of aniline, N,N-dimethylaniline, n-butylamine, and isobutylamine. The slopes of the regression equations obtained using the PAA film coated on the Au film were larger than those using only the Au film for n-butylamine and isobutylamine. On the other hand, the slopes of the regression equations obtained when using the PAA film coated on the Au film were smaller than those using only the Au film for aniline and N,Ndimethylaniline. The use of the PAA film gave higher sensitivity for n-buthylamine and isobutylamine, probably because of the interaction of these small amine compounds and the PAA film with the hydrophilic character. The sensitivity of the SPR sensor when using the PAA film became lower for aniline and N,N-dimethylaniline. This was caused by the weak interaction with the PAA film due to the hydrophobic character of these aromatic amines.
The ratios of the slope of the regression equation obtained using the PAA film coated on the Au film to that obtained using only the Au film were 1.49, 1.16, 0.91, and 0.88 for n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline, respectively. These values are in the order of the molecular weight. Though n-butylamine and isobutylamine have the same molecular weight, the ratio of the slope of the regression equation for isobutylamine was smaller than that for n-butylamine. This was due to the difference in the molecular structures of these amines; isobutylamine is more bulky than n-butylamine. It was shown that the SPR sensor equipped with the PAA film coated on the Au film is better regarding sensitivity for an amine compound with a small molecular weight and a small size. Small amine compounds are thought to enter easily into the PAA film. Thus, even only the PAA film coated on the Au film is useful for analyses of small amine compounds.
Improvement in the sensitivity by an acid-base reaction
An acid-base reaction was next used to further improve the sensitivity of the SPR sensor for analyses of amine-compound ethanol solutions. Pivalic acid, which dissolves in water and is a relatively small carboxylic acid with a bulky tert-butyl group, was chosen as the acid for reactions with amine compounds. As shown in Fig. 3 , the amine compounds were allowed to react with pivalic acid to produce the anion of pivalic acid and the 263 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 cation of the amine compound.
A 50 nm-thick PAA film containing pivalic acid was coated on the Au film to prepare the sensor chip. Ethanol solutions of n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline were analyzed using the SPR sensor combined with the PAA film containing pivalic acid coated on the Au film. The reaction of PAA and pivalic acid is unexpected because of the very weak basicity of the amido group of PAA. The angle shifts for each amine-compound ethanol solution were observed in the concentration range of 1.0 × 10 -6 to 1.0 × 10 -2 v/v%. The results are shown in Fig. 4(a) .
The angle shifts increased linearly with increasing the concentration of these amine-compound ethanol solutions at concentrations of more than 1.0 × 10 -6 v/v% for n-butylamine and aniline, and more than 1.0 × 10 -5 v/v% for isobutylamine and N,N-dimethylaniline. For an aniline ethanol solution, for example, an angle shift of 0.03˚ was obtained at a concentration of 0.1 v/v% using only the PAA film, while a similar shift was obtained even at a concentration of 1.0 × 10 -6 v/v% using the PAA film containing pivalic acid. Since the PAA film containing pivalic acid gave a similar angle shift of about 0.03å t a much lower concentration, the sensitivity of the SPR sensor was improved by 5 orders of magnitude when using the acidbase reaction. As stated above in Table 1 , the sensitivity obtained using the PAA film coated on the Au film became smaller in the order of aniline, N,N-dimethylaniline, n-butylamine, and isobutylamine.
The angle shift obtained using the PAA film containing pivalic acid, however, became smaller in the order of aniline, n-butylamine, isobutylamine, N,N-dimethylaniline in the range of 1.0 × 10 -5 to 1.0 × 10 -4 v/v%. Since the reaction of N,Ndimethylaniline with pivalic acid is unfavorable, due to the weak basicity of tertiary amine, the angle shifts for N,Ndimethylaniline are lower than those for the others. At concentrations of more than 1.0 × 10 -3 v/v%, however, the angle shift for N,N-dimethylaniline was larger than that for isobutylamine. This is because the refractive index of N,Ndimethylaniline is larger than that of isobutylamine. Thus, the sensitivities of the SPR sensor for n-butylamine, isobutylamine, and aniline were greatly improved by using the PAA film containing pivalic acid coated on the Au film as the sensor chip.
After using the PAA film containing pivalic acid coated on the Au film, it was washed with ethanol for the next measurement. Washing the PAA film was continued until the resonance angle reached a constant value. The washed PAA film containing pivalic acid coated on Au film was applied to analyses of ethanol solutions of n-butylamine, isobutylamine, aniline, and N,N-dimethylaniline. Plots of the angle shift against the concentration are shown in Fig. 4(b) . The angle shifts for each amine-compound ethanol solution were observed in the concentration range of 1.0 × 10 -6 to 1.0 × 10 -2 v/v%. The angle shifts also increased linearly with increasing the concentration of these amine-compound ethanol solutions at concentrations of more than 1.0 × 10 -4 v/v% for n-butylamine, isobutylamine, and aniline and more than 1.0 × 10 -3 v/v% for N,N-dimethylaniline. By washing the PAA film containing pivalic acid, the angle shifts for these amine compounds became smaller than those obtained with the fresh PAA film. This is because the anion of pivalic acid which had already reacted with the cation of the amine was not reduced to the acid. The increase in the resonance angle for ethanol also suggests the existence of reacted ions in the PAA film. Washing with an ethanol solution of pivalic acid was more effective, but the response of the washed PAA film did not recover completely. Thus, a fresh PAA film containing pivalic acid coated on the Au film was useful for analyses of amine compounds, though reuse of the same PAA film was not effective.
Conclusions
Though the slope of the regression equation obtained using an Ag film was slightly larger than that obtained using an Au film, an Au film was used owing to its chemical stability. The slope of the regression equation obtained when using an ethanol solution of n-butylamine was smaller than that obtained with its aqueous solution. However, ethanol was used as the solvent because it dissolved well all of the amine compounds used. The slope of the regression equation was largest for a 50 nm-thick PAA film. The use of the PAA film improved the sensitivity for n-butylamine and isobutylamine, but decreased it for aniline and N,N-dimethylaniline. The sensitivities for these amine compounds were further improved by the PAA film containing pivalic acid coated on the Au film as a sensor chip due to the reaction with pivalic acid. However, reuse of the sensor chip was not effective.
